Nepal and Bangladesh, is influenced by local and remote forces. In terms of geographical size, NE-India constitutes of about 8% of India's total size. Its population is approximately 40 million, which represents around 3.1% of the total Indian population. This region has a predominantly humid sub-tropical climate with hot, humid summers, severe monsoons and mild winters. Along with the west coast of India, this region has some of the Indian sub-continent's last remaining rain forests, which supports diverse flora and fauna and several crop species. Geographically, two-thirds of the area is a hilly terrain interspersed with valleys and plains. The mean summer monsoon rainfall over the NE-Indian region is around 1400 mm making for huge water and hydropower potential. However, this region has been exhibiting a declining trend in the summer monsoon rainfall since the last 4-5 decades (see Fig. 3 , Fig. 4a in Preethi et al. 2016) . Hence, it becomes imperative to examine the possible drivers of this variability.
Introduction
The North East Indian Summer Monsoon Rainfall (NEISMR) over the eastern-most part of the country (Fig. 1a) , which is joined via a narrow belt clasped between 1 3 landmass (Winstanley 1973; Parthasarathy et al. 1987) . The most dominant mode of variability in summer monsoon rainfall over the Indian sub-continent clearly reveals that the summer monsoon rainfall over NE India and neighborhood is out-of-phase with rainfall over other parts of India (Kulkarni et al. 1992 ). Munot and Kothawale (2000) also suggest that seasonal and intraseasonal rainfall variability of NE-Indian regions is often out of phase with the central and peninsular India. Since local orography dominates the NE rainfall, its prediction is not at par with other regions of India (e.g. central-India). However, this region is close to the northern hemisphere (NH) mid latitude jet stream location. This implies that the large scale variability of mid and sub-polar latitudes may play an important role in modulating the NEISMR.
Previous studies have suggested about forcings, other than El Niño Southern Oscillation (ENSO), influencing the inter-annual variability of ISMR like Arctic seaice (Amita et al. 2012 ), winter climate anomalies over Europe (Rajeevan 2002; Pai 2004) , Atlantic SST (Srivastava et al. 2002; Goswami et al. 2006) and Eurasian snow cover (e.g. Hahn and Shukla 1976; Bamzai and Kinter 1997; Kripalani and Kulkarni 1999) since it was first put forward by Blanford (1884) . The NH snow cover is an integral component of the global climate system. Its inter-annual variability has an important climatic role to play, especially in influencing the summer monsoon rainfall over India (Kripalani et al. 1996) . The albedo of fresh snow is around 90% (Hall and Martinec 1985) . As a result of this, the cryospheric component work as an efficient insulator, reflecting most of incoming solar radiation and providing a positive feedback mechanism (Maykut 1978) . This affects formation of cloud, stability of atmosphere and therefore, NH precipitation. The Eurasian snow cover too has a potential in shaping planetary scale features like the Arctic Oscillation (AO) (Cohen and Entekhabi 1999) , which in turn influence the winter (Clark et al. 1999 ) and spring Eurasian snow cover extent (Bojariu and Gimeno 2003; Bamzai 2003) . The AO is characterized by zonally symmetric structure of Sea Level Pressure (SLP) perturbations in the sub-polar regions located near 65°N and the surrounding zonal ring of opposing signs centered near 45°N latitude (Thompson and Wallace 1998) . This high latitude modes explain more of the week-to-week, month-to-month, and year-to-year variance in the extratropical atmospheric flow than any other climate phenomenon (Thompson and Wallace 2000) . Their study demonstrated that a high latitude mode explains more than 30% of the total variance in the Geopotential Height (GPH) and wind fields depending upon atmospheric pressure level and timescale considered. In the pressure field, the annular Northern hemispheric correlation map of SWE (January) and NEISMR (JJAS). c Same as b but for SWE (January) over Eurasia and SST (January); d same as b but for SST (JJAS) and NEISMR. Statistical significance at 95% level of confidence (loc) is shown as black slanting bars modes are characterized by north-south vacillations in atmospheric mass between sub-polar and mid-latitudes. By convention, the low (high) index polarity of AO is defined as higher (lower) than normal pressure over sub-polar latitudes and lower (higher) than normal pressure over the mid-latitudes. The AO features, which are zonally symmetric or "annular" exists year-round in troposphere with a maximum amplification in the NH midwinter (Thompson and Wallace 1998) .
The mechanism of snow cover and Indian summer monsoon teleconnection through an atmospheric bridge linking this remote low frequency variability has been investigated in several studies. Raman and Maliekal (1985) analysed NH pressure anomalies in relation to contrasting ISMR and found that zonally integrated pressure anomalies across Eurasia during January to April between higher and subtropical latitudes to be associated with ISMR. Their study revealed that a steep poleward-directed pressure anomaly gradient during preceding winter to spring is associated with above-normal ISMR. This strong pressure gradient indicates a strong zonal flow in the circumpolar westerlies. On the other hand, when the pressure anomaly gradient reverses, the zonality is disturbed and the circumpolar flow becomes persistently meridional and the ISMR tends to be drier than normal.
Marked changes in the teleconnections of ISMR have been observed in the recent decades due to the atmospheric changes associated with climate shift post 1979 (Trenberth and Hurrell 1994; Graham 1994) , wherein the traditional ISMR-ENSO relationship weakened (Krishna Kumar et al. 2006; Sabeerali et al. 2012) . Fluctuation in the robustness of precursors, for instance the Equatorial Pacific ENSO being replaced by central Pacific warming in the recent decades, have been attributed to the changes in the large-scale circulations owing to global warming (Wang et al. 2015, Nature Communications) . As such, the robustness of the predictors tend to change over a period a time. Subsequently, linkages associated with variability over the Atlantic Ocean and ISMR have received considerable attention. There have been studies involving the two phenomena on a multidecadal timescale (Zhang and Delworth 2006; Goswami et al. 2006; Krishnamurthy and Krishnamurthy 2015) with a positive or warm phase of Atlantic multidecadal oscillation leading to an increased rainfall activity over the Indian subcontinent. For interannual timescale too, the influence of Atlantic SSTs on ISMR have been extensively studied (Kucharski et al. 2009; Barimala et al. 2012) . They focussed on the SST anomalies in the south tropical Atlantic with cold (warm) SST leading to low (high) surface pressure anomaly over India further leading to convergence (divergence) and consequently resulting in strong (weak) ISMR. A recent study by Yadav (2016) explained the mechanism connecting tropical Atlantic SSTs and summer monsoon rainfall over northwest and central India through the Eurasian wave. The link between the three entities, namely, Atlantic SST, Eurasian snow and summer monsoon, is manifested through Rossby waves that modulate the Tibetan High thereby influencing rainfall over the northwest and central India (Hoskins and Ambrizzi 1993; Ambrizzi et al. 1995) . Hahn and Shukla (1976) reinforced the idea first put forward by Walker (Walker 1910 ) that boreal winters with excessive (less) snow cover over Eurasia tend to be followed by less (more) summer monsoon rainfall over India. While there have been ample of studies in finding the predictors for ISMR, not much effort has been vested in examining the potential predictors for foreshadowing the summer monsoon rainfall over the regions of NE-India. It is well known that mid-latitude Eurasian snow cover has a determining role in the interannual variability of Indian summer monsoon when we consider a large region over Indian subcontinent. Establishing a low frequency teleconnection, specifically for the NE Indian region, would thus be vital from the perspective of its potential seasonal prediction. Therefore, the present study explores a robust physical mechanism linking north Atlantic SSTs with NEISMR by examining the role of high-latitude Eurasian snow in bonding the two. Hence, in the present study, we have proposed a possible physical mechanism linking the winter Eurasian snow, AO and north tropical Atlantic SSTs with the NEISMR.
The outline of this paper is as follows: Sect. 2 describes the data sets used and methodologies adopted. Section 3 examines the NEISMR teleconnections with Eurasian SWE and Atlantic SST. Section 4 attempts to locate a common bridge and postulates a possible physical mechanism connecting the two. Finally, Sect. 5 summarizes the main results of this study.
Data and methodology
We have used several datasets to carry out this study and are listed below as follows:
1. Snow Water Equivalent (SWE) is a measurement of the amount of water contained in snow pack. It can be considered as the depth of water that would hypothetically result if the whole snow pack instantaneously melts. It is given by the equation:
The SWE dataset has been obtained from Scan- The data is gridded to the Northern and Southern 25 km Equal-Area Scalable Earth Grids (EASE-Grids) and is found to be suitable for continental-scale timeseries studies (Armstrong et al. 2007) . So all the following datasets are archived for the period 1979-2007. 2. The dataset for atmospheric parameters is employed from National Centers for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR) reanalysis (Kalnay et al. 1996) . 3. The optimally interpolated SST version 2 data set (Reynolds et al. 2002) having a spatial resolution of 1° × 1° latitude-longitude global grid is available from 1982 onwards. It is archived from National Oceanic and Atmospheric Administration (NOAA). 4. NEISMR data (Parthasarathy et al. 1995) has been obtained from Indian Institute of Tropical Meteorology (ftp://www.tropmet.res.in/pub/data/rain/iitm-regionrf. txt). The time series of NEISMR is constructed from an area-weighted rainfall from June through September (JJAS) rainguage stations over this region.
India Meteorological Department's National Climate
Centre (IMD-NCC) daily gridded rainfall data set at a spatial resolution of 0.25° × 0.25° (Pai et al. 2014) , which is constructed from a network of 6955 rain gauge stations spread across the country (see Fig. 1 in Pai et al. 2014) , is also used in this study. This high resolution data demonstrates that spatial distribution of rainfall over northeast regions are more realistic due to high density of rainfall stations over these areas. The seasonal June-September gridded rainfall data has been constructed using this product for evaluating the spatial response of summer monsoon rainfall over NE-India during the opposite phases of SSTs over the Atlantic. 6. Teleconnections are determined using simple statistical techniques like composite and correlation analysis. The significance for correlation coefficients are tested using student's T test method (Kendall and Stuart 1979) and the spatial maps by Bootstrap method (Efron and Tibshirani 1993) . Normally, to test the significance of the correlation fields, the field significance test defined by Livezey and Chen (1983) for large samples or the bootstrapping method (Efron and Tibshirani 1993) , especially for small sample size is utilized. While the Field significance as defined by Livezey and Chen (1983) accounts for spatial correlations in any geophysical variable field, there are certain limitations in the manner in which this is done. Specifically, the above test is based on 'counts' and therefore, does not account for 'location' of the significant correlations, i.e., the test does not account for the geographic dependence of the spatial correlations. 
NEISMR teleconnections
NE-India is close to subtropics and is least explored in terms of evaluating prospective predictors pertaining to its summer monsoon rainfall. The NH subtropical variations, such as Atlantic SSTs and Eurasian snow cover, which are associated with low frequency surface forcings on interannual timescale in teleconnection patterns, have been comprehensively looked into for probable linkages. In general, SST and snow have the capability to exhibit the greatest tempo-spatial variability for different surface conditions (Varikoden and Babu 2014; Cohen 1994) . Hence, to understand the proxies for summer monsoon variability over NE India, inter-relationships of NEISMR, NH-SST and NHsnow at various lag and lead times are examined. Correlation map of wintertime SWE (January) with the ensuing NEISMR (JJAS) carried out for a 29-year period spanning 1979-2007 reveals a robust inverse relationship between the two (Fig. 1b) . Although correlation does not necessarily demonstrate causation but it provides an indication for the association between two components. Also, there is a physical basis for the teleconnection between Eurasian snow and summer monsoon rainfall over India as demonstrated by the earlier studies Kulkarni 1999, Kripalani et al. 1996) . Interestingly, during the same period, a similar spatial correlation map analysis carried out between SWE (January), which is averaged over the Eurasian region (50°-70°N, 70°-140°E), along with covarying NH-SSTs (January), reveal an out of phase relationship between the two, prominently over the tropical Atlantic (Fig. 1c) . Furthermore, for the period 1979-2007, a simultaneous correlation map carried out between the NEISMR (JJAS) and the summertime NH-SST (JJAS) shows a significantly robust direct relationship between the two over the tropical Atlantic region (Fig. 1d) . The above mentioned three relationships are prominent over the two regions of interest (ROI) namely the Eurasian region as defined over the area (50°-70°N, 70°-140°E; as shown in Fig. 2a ) and the Atlantic Ocean region as defined over the area (0°-25°N, 60°W-10°E; as shown in Fig. 2b, c) . From these three linkages we build up a hypothesis that states: An excess of snow over the Eurasian region in boreal winter cools down considerably the local temperature and is associated with the negative mode of Arctic Oscillation (AO) that brings cold dry winds into NH-Atlantic and induces a meridional wave train from sub-polar latitudes towards the equator having a descending branch over the tropical Atlantic, leading to a high pressure area. Once the cold anomalies are established over the north Atlantic, it persists up to the following summer further inducing a zonal wavetrain that descend over NE-India subsequently resulting in weak monsoon rainfall. A schematic representation of the hypothesis as mentioned above linking NEISMR, tropical north Atlantic SST and Eurasian snow is shown in Fig. 3. 
Testing of hypothesis for a possible physical mechanism
To validate the hypothesis, we carry out a correlation analysis during the month of January between SWE and air temperature averaged over the Eurasian ROI (area shown in Fig. 2a ) at 1000 hPa for the period 1979-2007. Figure 4a reveals an inverse relationship between the two with a correlation coefficient (cc) of −0.60 significant at 95% confidence level. This depicts that an anomalous increase in SWE leads to an anomalous cooling of surface temperatures over the Eurasian region. In the past, studies carried out using observations (Sankar-Rao et al. 1996) and general circulation models (Walland and Simmonds 1997 ) also revealed reduction in lower tropospheric temperature due to excessive snow anomaly. Bamzai and Shukla (1999) too have documented that there is a close relationship between snow cover extent and surface temperatures over Eurasia. Further, there have been studies in the past that accentuates on boreal autumn (winter) NH snow to be influencing the subsequent (simultaneous) winter AO (Saito et al. 2001; Cohen et al. 2002; Gong et al. 2002) . Regional cooling due to excessive snow could potentially create atmospheric effects that propagate to other regions through atmospheric teleconnections (Namias 1985) . It is well comprehended that global warming has a direct impact on the Arctic seaice decline leading to frequent occurrences of negative modes of AO causing more recurrent extreme heat and heavy rainfall events over the mid-latitide regions (Francis and Vavrus 2012). Apparently, the AO spring variability has been found to be associated with the subsequent East Asian summer monsoon (Gong and Ho 2003) . But by far the cause has remained unclear for such remote teleconnections. Although, the AO is observed in all the seasons, it has a dominant mode of variability in winter (Thompson and Wallace 1998) . Saito and Cohen (2003) demonstrate that continental-scale snow cover during boreal winter as a potential contributor to the interannual variability of the atmosphere. Next, we assess the simultaneous wintertime relationship between Eurasian snow and AO.
Effect of winter excess snow on AO
To comprehend the effect of near-surface cold temperature anomalies due to excessive Eurasian snow on the AO, we have constructed AO index (AOI) following Thompson and Wallace (1998) as the leading empirical orthogonal function of monthly values of wintertime (January) SLP anomalies poleward of 20°N. The primary mode of ). An inverse relationship having a correlation coefficient (cc) = −0.60, significant at 95% loc is observed between the two, b standardized time series of SWE over Eurasia as defined in Fig. 2a and the AO for the month of January depicting an inverse correlation (cc = −0.52, significant at 95% loc) variability explains 41% of total variance associated with the NH-SLP. Figure 4b demonstrates interannual variability for the month of January between SWE over the Eurasian ROI (area shown in Fig. 2a ) and the AOI during the period 1979-2007. An inverse relationship (cc = −0.52) significant at 95% confidence level is observed between the two. Consequently, an anomalous cooling over sub-polar latitudes in the month of January due to an excess snow is likely to influence the negative mode of AO. Next, to understand the dominant atmospheric anomaly patterns prevailing during the negative mode of AO, we carry out the composite analysis of GPH anomalies for 10 strongest (Negative-minus-Positive) AO events. The years with standardized anomalies of AOI below and above 0 (as shown by orange line in Fig. 4b ) are considered to be representing negative and positive AO events respectively. Accordingly, the ten strongest events of AOI considered for negative AO years are 1985 AO years are , 1998 AO years are , 1994 AO years are , 2004 AO years are , 1986 AO years are , 1982 AO years are , 1995 AO years are , 2001 AO years are , 1999 AO years are and 1996 while for positive AO years are 1993 AO years are , 1989 AO years are , 2007 AO years are , 1992 AO years are , 1983 AO years are , 2002 AO years are , 1997 AO years are , 2000 AO years are , 2006 AO years are and 1991 . These years are arranged according to its decreasing strength of standard anomalies. Figure 5 shows distinctly the "annular" patterns of a negative phase of AO during the month of January (Fig. 5a) and also for the winter season from December through February (DJF) (Fig. 5b) at various atmospheric levels. Noticeably, the GPH anomalies in the month of January depict the pattern of negative phase of AO with an anomalous high over sub-polar latitudes (~65°N) and an anomalous low over the belt of mid-latitudes (~45°N). These anomaly patterns are more prominent at mid (500 hPa) and upper (200 hPa) atmospheric levels. Monahan et al. (2003) using nonlinear principal component technique revealed that while the positive mode of AO represent a strong polar vortex, the negative phase represents a breakdown of the polar vortex with more meridional and spatially variable flow patterns. Ding and Wang (2007) emphasized that anomalous GPH high over the northwest Europe followed by a low over the north of Caspian Sea and further a positive anomaly over northwest India infers to a Rossby wave propagation connecting these regions. In summary, the occurrence of wintertime excess snow over Eurasia cools down the regional surface considerably influencing the negative mode of AO. Next, we assess a robust pathway through meridional wave-train from sub-polar to tropical latitudes at different atmospheric levels during the existence of a negative phase of AO.
Meridional circulation during negative mode of AO
Mean meridional circulation, which is a zonally averaged meridional overturning motion connecting the tropics, midand sub-polar latitudes, is a key component of the global atmospheric general circulation having implications on changes in weather and climate patterns, particularly for the occurrence of severe floods and droughts around the world (Meehl and Bony 2011; Taylor et al. 2012) . Figure 6 portrays anomalous Hadley/Ferrel circulation for the Atlantic longitudes averaged over 60°W-10°E, which is constructed by performing composite analysis for 10 strong (negativeminus-positive) AO events during the month of January as mentioned above. Although, AO associated with Eurasian wintertime snow (as seen in Fig. 5) , is an annular mode covering over all the longitudes (Fig. 5) , the Atlantic longitudes over 60°W-10°E are preferred for carrying out this analysis because of two factors, first one being, the Atlantic SSTs linkage to the Eurasian snow over ROI as shown in Fig. 2b during the month of January, and the second one, for its persistence effect, which means the Atlantic Ocean's capability to retain the signal up to the subsequent summer monsoon season as demonstrated in the following section. Prevalence of cold belt over ~65°N and a warm belt over ~45°N from surface to 200 hPa is clearly observed implying a barotropic meridional wave-train associated with wintertime negative mode of AO. Manifestation of this pattern induces a descending branch over the northern tropical latitudes over the Atlantic making this region anomalously cooler. This pattern is similar to a Rossby-wave train propagating from Europe to Asia triggered by an excessive Eurasian snow anomaly during the spring season (MarchMay) as observed by Liu and Yanai (2002) .
Wintertime connection of snow-SST and SST Persistence
In the earlier section, we focused on the connection between Eurasian Snow and the AO, wherein an excess of wintertime snow leads to a negative mode of AO resulting in cooling over the tropical Atlantic through the meridional wave train. Further, to ascertain a possible role of excessive snow over Eurasia associated with cooling over the tropical Atlantic during the peak winter month of January, we carry out a lead-lag correlation between the two. The interannual time series of Atlantic SSTs in January is computed by averaging SSTs over the area as defined in Fig. 2b (0°-25°N, 60°W-10°E). This area over Atlantic is selected for generation of SST time series, as it is significantly correlated with Eurasian snow in the month of January (refer to Fig. 2b ) and also with NEISMR during JJAS (refer to Fig. 2c ). It may be noted that the selected box over Atlantic does not maximize the correlation, but is selected because of its clear physical meaning. As expected, a simultaneous inverse wintertime relationship (cc = −0.48, significant at 95% confidence level) between SWE over Eurasia and SSTs over tropical Atlantic is observed (Fig. 7a) . A clear evolutionary feature is visible with correlation coefficients amplifying from the month of October in the previous year through to ensuing January and thereafter gradually decaying. Captivatingly, this relationship is seen to be dominant for the boreal winter month of January. Henderson et al. (2013) evaluated the atmospheric circulation response caused due to snow forcing using Atmospheric General Circulation Model with slab ocean model, wherein SST and sea ice concentration were used as the boundary conditions. Their study revealed that circulation response to maximum Eurasian snow cover in early winter led to significant Atlantic SST cooling, in agreement with our observational findings. It is believed that major climatic memory on timescales of months to years is located in the tropical oceans (Webster et al. 1998) . Hence, once cold anomalies are manifested over the tropical north Atlantic region in boreal winter (January), they tend to persist up to the following summer season. Due to high thermal inertia of sea, the anomalous SST is one of the most suitable variables to be used as a climatic predictor. The persistence of wintertime north Atlantic SST anomalies have been studied earlier by Watanabe and Kimoto (2000) , de Coëtlogon and Frankignoul (2003) and the authors therein. Next, we assess how the north Atlantic SST cold anomalies during winter (January) act as an extended memory almost a season later. The persistence effect is examined by carrying out an autocorrelation analysis as shown in Fig. 7b . Again, a clear indication of persistence is noticed with magnitude of this relationship reducing gradually from January through to summer. Noticeably, Atlantic SST cold anomalies in the month of January sustain itself up to the following summer season (JJAS). Moreover, the cold imprints over the tropical Atlantic are also observed to be retained till the ensuing boreal autumn (October through November). Trenberth et al. (2000) emphasized that Hadley and Walker circulations are the strongest links to precipitation. The associated ocean-atmospheric feedback resulting from north Atlantic cold SST anomalies on the NE-Indian sector during summer monsoon season (JJAS) is evaluated through Walker circulation that demonstrates the behaviour of wind field zonally. Accordingly, Fig. 8 displays an anomalous zonal wave pattern associated with a significant cooling branch of the zonal wave located over the north Atlantic. Further, this zonal wave train is observed to have a descending branch over the NE-India sector eastward of 90°E. Furthermore, this pattern appears to be out of phase with central-India (west of 80°E). While the descending motion over the NE Indian longitudes is more apparent over the upper troposphere, the ascending motion over the central Indian longitudes is visible over the lower troposphere. Hence, the ascending and descending nodes over the Indian mainland and NE-India sector respectively may partly explain the diverse behavior between central-and NE-India. The consequence of such an atmospheric phenomenon on spatial distribution of summer monsoon rainfall during JJAS is evaluated next, exclusively over the regions of NE-India.
Linking SST-NEISMR through zonal circulation

Implication of cold SST anomalies on NEISMR
To examine the dominant spatial rainfall pattern over NEIndia prevailing during anomalously cold SSTs over the Atlantic, we first construct a standardized SST index (SSTI) for the period 1982-2007 (as the SST data is available from December 1981 onwards) averaged over the Atlantic region as defined in Fig. 2c (0°-25°N, 60°W-10°E ) during the summer monsoon season (JJAS). Years with standardized SSTI below and above 0 are considered as negative and positive SST events respectively. Accordingly, the ten strongest negative SSTI years are 1992, 1982, 1986, 1983 , Fig. 7 a Correlation analyses of Eurasian SWE [averaged over area as shown in Fig. 2a  (50°-70°N, 70°-140°E) ] during the month of January with Atlantic SSTs [averaged over area as shown in Fig. 2b  (0°-25°N, 60°W-10°E )] where '−1' represents month of previous year. b Auto-correlation analyses of January SST over the defined box with the SSTs over the same area for the subsequent months from February through December. Dashed line indicates the line of significance at 95% loc for the data period considered from 1982 1985 , 1984 , 2002 , 1990 and 2001 while the positive SSTI years are 1987 , 1998 , 2005 , 2004 , 1989 and 1988 . These years are arranged according to its decreasing strength of standard anomalies. Finally, the composites for ten strongest (negative minus positive) SST events are evaluated. Figure 9 clearly depicts a statistically significant below normal rainfall spread over NE India, barring a few intermittent areas of positive rainfall, thus proving the hypothesis using observational data.
Summary
While there has been an extensive effort, over the past few decades, to investigate the predictors for All-India based summer monsoon rainfall, the NE-Indian sector comparatively has received much lesser attention in terms of establishing its plausible teleconnections. The rainfall variability over NE-India is often out of phase with that of centralIndia. Geographically being closer to the NH mid-latitude jet streams, the large scale variability of higher northern latitudes could play an important role in modulating the NEISMR.
Consequently, a possible connection between Eurasia, Atlantic and NE-India is proposed in this study. The study reveals that Eurasian snow variability significantly influences the summer monsoon rainfall over NE-India during the boreal winter month of January. An excessive wintertime snow over Eurasia leads to an anomalous surface cooling and is associated with the negative mode of AO. Prevalence of a cold belt over ~65°N and a warm belt over ~45°N from surface to 200 hPa leads to a barotropic meridional wave-train inducing a descending branch over the northern Fig. 8 Zonal atmospheric circulation patterns for composites of (negative-positive) SST years for 10 strongest cases averaged over the latitudinal belt (0°-25°N) during the summer monsoon season (JJAS). The shaded plot is of vertical velocity in Pa/s (scaled by −0.01). It is superimposed by wind vectors in m/s. Statistical significance at 95% loc is shown as dot marks Fig. 9 Spatial pattern of NEISMR (mm) from IMD precipitation data obtained from composites of 10 strongest (negative-positive) SST events defined over the Atlantic region as shown in Fig. 2c (0°-25°N , 60°W-10°E) during the summer monsoon season (JJAS). Statistical significance at 95% loc is shown as dot marks tropical latitudes centered over the Atlantic making this region anomalously cooler. Tropical oceans is believed to hold a major climatic memory on timescales of months to years. Hence, once cold anomalies are manifested over the Atlantic during boreal winter, it persists up to the following summer and zonally induces a descending motion over the regions of NE-India resulting in below normal rainfall.
In summary, through this study, the authors attempt to envisage an influence of low-frequency wintertime Eurasian snow forcing on NEISMR through the north Atlantic SST Bridge. However, it would be interesting to carry out sensitivity experiments using an appropriate SST forced atmospheric model to further ascertain the links as proposed in this study. In essence, while the summer monsoon rainfall over major parts of India (excluding the NE region) appears to be related with events in the Southern Hemisphere, namely the Southern Annular Mode through the Pacific SSTs , the variation of NEISMR appears to be related with events in the Northern Hemisphere through the AO, Eurasian snow and Atlantic SSTs.
